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Abstract 
The objective of the research is to investigate and compare the quality of welded samples of two low alloyed steels, 
S355 and St 3 with various edge preparations in butt joint configuration. Welding was performed with high power 
fiber lasers with a wavelength of 1070 nm at power levels of 10 and 14 kW. Joint edge surface roughness and the air 
gap between the plates had a significant effect on penetration depth. Optimum roughness levels and recommended 
increase in the air gap between the plates to provide maximum penetration depth are presented. 
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1. Introduction 
Recent developments in the field of high power fiber lasers (HPFL) have led to renewed interest in 
thick section laser welding. A number of studies have shown that HPFL offer the potential for high-speed 
processing of different kinds of metals of different sheet thickness. This potential can be realized in areas 
where flexibility, accuracy, cost and time reductions, automation and DFMA-integration are important 
factors: shipbuilding, aerospace engineering, armored vehicles, and many novel applications with 
potential benefits to a range of industries [1-2]. 
 
Laser welding research to date has tended to focus on optimizing beam and mechanical parameters and 
relatively little attention has been paid to surface preparation of the joint edges [3-10]. The rule off thumb 
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seems to be no air gap and fine machined edges are required for the laser welding. Several studies have 
produced estimates of the influence of edge morphology in laser butt joint welding, but there are still 
insufficient data for reliable estimation of the influence of such factors as edge surface roughness level 
and the air gap between the plates [11-13]. In addition, international [14] and European standards [15] do 
not state these parameters as critically affecting the quality of the weld. 
 
The issue has grown in importance in light of recent research [16] that revealed that the absorption of 
structural steels in butt joint laser welding has a significant dependence on the edge surface roughness at 
Fig. 1, in butt joint laser beam welding at edge surface 




Fig. 1.  Energy absorption level at different roughness levels, St 3, t = 20 mm, PL = 10 kW, VW = 0.8 m/min, fpp = -4 mm, fC = 150 
mm, fF = 250 mm, dOF = 360 mm [16] 
The purpose of this paper is to evaluate and validate the effect of surface roughness and air gap in joint 
between the plates in laser butt joint welding of structural steels with high power fiber lasers at power 
levels of 10 and 14 kW. Based on previous studies it is justifiable to claim that absorption of the laser 
beam to process will differ at Ra 0.8-
in changes in weld quality and weld cross section dimensions. 
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Nomenclature 
dK working fiber core diameter,  
dOF  
fC collimation length, mm 
fF focusing length, mm 
fpp focal point position, mm 
PL laser power, kW 
t material thickness, mm 
VW welding speed, m/min 
2. Experimental 
2.1. Material properties 
Welding with HPFL IPG YLR 15000 and IPG YLS 10000 was performed on structural 20 mm 
thickness St 3 GOST 380-94 [17] and 15 mm thickness S355 EN 10025-2 [18] steel plates, and their weld 
penetration depths were compared. Using a water jet cutting machine, plates of 20 mm thickness were cut 
from a root side into test pieces, and then processed to the desired roughness level with a milling 
machine. The surface roughness of the joint edges was measured with a contact roughness measuring 
device Taylor-Hobson Surtronic 10 Ra with a measuring range of 0.1-40 μm. Roughness was measured 
on the surface prepared for welding according to EN 10049 [19]. Two variants of the setup for laser 
welding were used: a butt joint and a butt joint with a pre-set air gap. The air gap in the latter case was 
created with use of 0.2 mm carbon steel 1.1274 foil strips. Fig. 2 illustrates the setup. 
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Fig. 2.  Welding setup: (a) butt joint laser welding; (b) butt joint laser welding with a pre set air gap 
Randomly chosen pairs of S355 and St 3 samples were tested for chemical analysis. The results are 
shown in Table 1. 
Table 1. Alloying composition of St 3 and S355 structural steels 
Chemical composition, wt% C Si Mn P S Cr Ni Cu Al N 
St 3 0.16 0.19 0.44 0.01 0.01 0.03 0.01 0.02 0.03 0.01 
S355 0.18 0.37 1.39 0.02 0.01 0.03 0.01 0.02 0.04 0.01 
2.2. Design of experiments 
The experiment plan was divided into two sets of experiments. In the first set of experiments was 
performed in the welding laboratory of Saint-Petersburg State Polytechnic University (SPbSPU), Russia, 
using an IPG YLR 15000 fiber laser at 14 kW power level. Steel St3 was welded in two setups to estimate 
the influence of the surface roughness level and additional gap between the plates on the penetration 
depth and weld quality. One variable at a time (OVAT) experimental design was used. 
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The second set of tests was based on the results and analysis of the previous set of experiments and 
was performed in Machine Technology Centre Turku Ltd (KTK), Finland, using an IPG YLS 10000 fiber 
laser at 10 kW power level. Three welding setups were used: butt-joint and butt joint with a pre set air gap 
of 0.05 and 0.01 mm. S355 steel samples were machined in pairs to achieve different roughness levels 
based on the two-level factorial experimental design with four replication points. The purpose of the 
experiments was to estimate the combined effect of the surface roughness level and air gap between the 
plates. The process and laser parameters for the sets of experiments were based on earlier studies and are 
listed in Table 2. 







Laser power kW 14 10 
 
Welding speed m/min 2 2 
 
Focal point position mm -7.5 -4 
 
Material, Thickness mm St3, 20 S355, 15 
 
Shielding gas, flow l/min Ar, 20 none 
 
Collimation lens focal length mm 140 200 
 
Focusing lens focal length mm 400 300 
 
Focal point diameter  570 300 
 
3. Results and Discussion 
Welding and optics parameters were constant for all experiments in a set and are specified in the 
captions of the figures. Macrograph photos for each roughness level are included in the separate figure, 
each with a millimeter scale enclosed. The quality of the welded samples was evaluated according to ISO 
13919-1 [20] standard with quality levels: D – moderate; C – intermediate; B – stringent. 
 
The results for the first set of experiments for both the butt joint setup and the butt joint with a pre set 
air gap set up are shown in Fig. 3. Macrographs are shown in Fig. 4. 
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Fig. 3.  Penetration depth at different roughness and air gap levels (Set 1): St 3, t = 20 mm, PL = 14 kW, VW = 2 m/min, fpp = -7.5 
mm, fC = 140 mm, fF = 400 mm, dOF = 570 mm 
 
Fig. 4.  Macrographs of weld samples at different roughness and air gap levels (Set 1): St 3, t = 20 mm, PL = 14 kW, VW = 2 
m/min, fpp = -7.5 mm, fC = 140 mm, fF = 400 mm, dOF = 570 mm 
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The results show minor changes in the penetration depth or the geometry form of the weld at the Ra 
3.2- steel strip (foil) to increase the gap between the plates does 
not change the trend at these roughness levels. At 
was recorded for the case of the pre set air gap. A maximum penetration level of 15.05 mm was achieved 
eased 
to 18.30 mm. In both cases the welds were of the confident stringent B level for partial penetration with 
no critical imperfections. 
 
The results for the second set of experiments for are shown in Fig. 5. Macrographs of the samples 
marked 1, 2 and 3 on Fig. 5 are shown in Fig. 6. 
 
Fig. 5.  Penetration depth at different roughness and air gap levels (Set 2): S355, t = 15 mm, PL = 15 kW, VW = 2 m/min, fpp = -4 
mm, fC = 200 mm, fF = 300 mm, dOF = 300 mm 
In Fig. 5 there is a clear trend of increasing in penetration depth at the surface edge roughness levels 
Ra 4.8 – A positive correlation was found between additional air gap increase up to 0.1 mm and 
increase in the penetration depth at different roughness levels. 
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Fig. 6.  Macrographs of weld samples at different roughness and air gap levels (Set 2): 
1. Ra = = 0.1 mm
 
Full penetration welds were achieved only at roughness levels of  with additional air gap of 0.1 
mm  with additional gap of 0.05 mm. However, according to ISO 13919-1 cracks with more 
than 1 mm2 crack area are not permitted. The only weld sample of acceptable quality D – moderate from 
the set 2 is shown on Fig. 6 marked by number 1. The analysis of the macrographs showed that hot 
cracking was detected in all samples. It can be explained by non-optimal choice of the welding 
parameters. 
 
Comparison of the penetration depth and the surface roughness shows a strong correlation between the 
two variables. The results from the set 1 can be compared with the results in set 2 which shows that 
surface edge preparation to the roughness level of about with increased air gap gives a deeper 
penetration level and better weld quality. These results therefore need to be interpreted with caution. The 
air gap between the pieces was not accurately measured and only the dimensions of the added steel strips 
were recorded. Since the measurements carried out with mechanical measuring device are not very 
precise, the results may vary also in case of using another model of roughness measuring device. In future 
investigations it might be possible to use areal roughness parameters (Sa) which are defined in EN ISO 
25178-6 [21]. 
4. Conclusions 
In this study, laser welding of structural steels S355 and St 3 with high power fiber lasers achieved the 
stated objective of revealing the optimum edge preparation setup for butt joint laser beam welding. The 
increased air gap of 0.1-0.2 mm gives a deeper penetration level and better weld quality. Full penetration 
welding at edge surface roughness levels higher than Ra 
An implication of these findings is that both optimum edge surface roughness levels and increased air gap 
between the plates in butt joint laser welding should be taken into account at the stage of product design. 
It is, however, important to recognize the limitations of the findings of this study: namely, the welding 
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setups, equipment and the materials used in the experiments. It seems that the formation of keyhole is 
easier in case of small air gap in joint improving the utilization of laser power. Based on current 
knowledge, further experimental investigations are needed to ascertain the phenomena underlying this 
correlation. Investigation of the correlation between edge surface preparation methods and weld quality in 
welding of other materials is recommended. 
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